ABSTRACT
(DOA), there have been several different approaches to automated control in this field over the years because of the difficulty in defining and measuring the depth of anaesthesia. The various approaches can be classified according to the particular body function being used for inferential measurement of anaesthetic depth, which cannot be determined directly.
In the search for a more reliable monitor of DOA, the electroencephalogram (EEG) is an obvious signal for investigation. The EEG [5] or auditory-evoked potentials [6] have been applied as controlled variables for closed-loop control of intravenous hypnotic anaesthetic drugs. The Bispectral Index, a single composite EEG measure, has been designed to track electroencephalographic changes associated with different anaesthetic states [7] [8] [9] . However, the easiest form of online measurement in operating theatre related to the DOA is to measure systolic arterial pressure (SAP) and heart rate (HR). Thus, anaesthetists generally use blood pressure as the most reliable guide for administering anaesthetic agents. Robb and his co-workers [10, 11] have used systolic arterial pressure (SAP) as an indicator of anaesthetic depth, using an adjustable target SAP according to the patient's data and history; and the drugs studied were enflurane, isoflurane and morphine. Ausem et al. [12] have also used the SAP as a main controlled variable to administer the propofol drug using several criteria for inadequate anaesthesia. In most cases, the anaesthetic procedures were judged to be clinically acceptable.
Anaesthetists are concerned about the patients becoming 'light' during an operation. However, some vital signs that have not been converted by any commercial sensors are sometimes considered very important and quick responses to light of DOA. For example, sweating (SW), lacrimation (LA) and pupil response (PR) are chosen as the system variables for determining the light of DOA [12] . We have previously described a hierarchical structure with the most influential parameters (e.g., SAP and HR) for monitoring in the first level, and the next most important parameters (e.g., SW, LA and PR) in the second level that can monitor DOA and the confidence of depth of anaesthesia (CDOA) using the fuzzy logic approach [13] . The design of the controller is the same. The most important drug (e.g., propofol) is administered at the first level. If this drug does not work, the next most important drug (e.g., fentanyl) will be used, and so on so forth. Similarly, a hierarchical structure with DOA for controlling intravenous drug administration (i.e., propofol or fentanyl) using the rule-based approach has also been described in our previous research [14] .
Innovations in pharmacokinetic modeling have enabled the development of target-controlled delivery systems [15] . They use pharmacokinetic models to calculate the required dosing scheme for achieving a desired concentration. Unfortunately, biologic systems have significant variance within a population, and the pharmacokinetic parameters used within the models are likely to result in inaccuracies for any given individual. In addition, there may be up to 10-fold differences in relation between concentration and effect (pharmacodynamics) among individuals. Pharmacodynamics may also vary over time and during surgery according to the intensity of the noxious stimulus applied. To accommodate this, an adaptive approach is added by which the algorithm is altered or adapted to the individual's unique response. Struys et al. [16] have taken this approach and assumed that the pharmacokinetic parameters are always correct, but that pharmacodynamics vary among individuals. During induction, propofol was administered using an open-loop mode. The relation between concentration and effect was used to construct a Hill curve for each individual. However, anaesthetists can anticipate the patient's response to a drug from their clinical experience. In the anaesthetic room, the bolus of propofol for losing verbal contact with the patient is like an impulse to the patient. Therefore, the bolus of propofol at the initial stage can decide the sensitivity of the patient (SOP) according to the rule-base from anaesthetists' experience, which is simpler than the adaptive approach of Struys et al. [16] . This paper studies the feasibility of this hierarchical fuzzy logic monitoring and rule-based control of the DOA system during the maintenance stage after deciding the patient's sensitivity in the induction stage via the rule-based approach.
PATIENTS AND METHODS

Patients
According to the American Society of Anesthesiologists (ASA), the physical status of the patient is categorized into five classes. Class 1 is that the patient has no organic, physiological, biochemical, or psychiatric disturbance. Class 2 is mild to moderate systemic disturbance caused either by the condition to be treated surgically or by other pathophysiological processes. Class 3 is severe systemic disturbance or disease from whatever cause, even though it may not be possible to define the degree of disability with finality. Class 4 is severe systemic disorders that are already life-threatening, not always correctable by operation. Class 5 is the moribund patient who has little chance of survival but is submitted to operation in desperation. All eight patients underwent major abdominal surgery during intravenous anaesthesia and were all classified as ASA physical status category 1 or 2, but none showed any clinical or biochemical evidence of hepatic, renal or cardiac dysfunction. Patients were excluded if they had clinical evidence of severe respiratory, cardiovascular,
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hepatic, renal or endocrine disease, uncontrolled hypertension, or previous adverse response to general anaesthesia. Patients whose body weight was more than 20% above the ideal or who were taking any drug (e.g., sleep pill) likely to influence the course of anaesthesia or haemodynamic response were also excluded. The definition of ideal body weight is taken from tables of insurance companies or derived from indices relating height to weight such as body mass index (i.e., BMI = ) [17] . The study was approved by the local Ethics Committee and all patients gave informed consent.
Anaesthetic Techniques
Anaesthesia was given by staff members, residents or nurse anaesthetists with at least one-year experience in anaesthesia. An anaesthetist involved in the study was always present and responsible for standard monitoring of the patient. Also, one investigator who designed this automatic advisory system was always present and responsible for handling any device dysfunction in order to bring the system back to manual control by the anaesthetist. All patients were given fentanyl 2-4 µg/kg intravenously 5 min before induction of anaesthesia according to the anticipated surgery and patient history. More details have been described in our previous report [14] . They received propofol at a rate of 600 ml/hr (i.e., 1 ml of propofol contains 10 mg) for induction of anaesthesia which was defined as loss of verbal contact with the patient; at this point, the rapid infusion was stopped. An infusion rate of propofol between 8 and 12 mg/kg/hr according to the sensitivity of the patient was then used to maintain anaesthesia, which will be described in Section 2.4. Nondepolarizing muscle relaxants were administered and ventilated on oxygen-nitrous oxide (1:2) to normocapnea. A modified step-down infusion [18] was used to maintain anaesthesia and this was altered according to clinical requirements as judged by the patient's arterial pressure and cardiovascular response as well as clinical signs such as sweating, lacrimation and pupil response [13, 14] . The infusion of propofol was discontinued just before the end of surgery. At the end of surgery, recovery was determined to be the time to which the patient could obey commands given every min from the anaesthetist by the anaesthetic drugs had been stopped.
Computer, Data Input and Data Output
A personal computer was connected via the RS232 ports for the Dinamap (i.e., Critikon, Inc., USA) and the Graseby 3400 syringe pump (i.e., Graseby Medical Limited, UK). All the trials measured patients' SAP and HR using a Dinamap instrument. The clinical signs (i.e., SW, LA, and PR) were observed and input regularly about 5 min by the anaesthetist. A Graseby 3400 syringe pump which can pump from 0.1 to 1200 ml/hr was used to infuse propofol. Fentanyl was injected manually by syringe according to the rule-base [14] . The Dinamap was set to provide information on arterial pressure and heart rate at 1-min intervals, the shortest interval feasible with this instrument. The Graseby pump administered and monitored the rate and total amount of propofol during the operation. The whole programme was divided into three stages for executing different functions of anaesthesia. In the induction stage, the anaesthetist gave a rapid infusion (i.e., 600 ml/hr [19] ) to produce loss of verbal contact with the patient. Then, the anaesthetist quickly switched to the maintenance stage. The total amount of propofol infused into the patient was recorded by computer through the Graseby pump. The computer sampling time was set very fast at every 3 sec for calculating the accurate amount of propofol in order to decide the sensitivity of the patient, which will be described in the following section. The normal induction time is 60 sec approximately. Hence, the sampling interval of 3 sec is enough to identify the patient's responses to propofol. Also, the 3-sec interval is the fastest time obtained by the infusion rate from Graseby 3400 pump. Any missing data during data acquisition are replaced by previous data. The second stage comprises maintenance, during which the program gave advice every min for the recommended propofol rate. This advice was given according to the DOA measurement obtained by an advisory system with a hierarchical fuzzy logic monitoring and rule-based control structure. The third stage concerns recovery, the anaesthetist reduced the propofol rate manually at 2 mg/kg/hr, observing the patient's response every 10 min before the end of an operation to encourage rapid recovery at the end of surgery. The anaesthetist can ask the surgeon to make sure that the operation is almost finished.
Deciding the Sensitivity of the Patient (SOP)
In the anaesthetic room, the bolus of propofol for losing verbal contact with the patient is like an impulse from which we can obtain an indication of the responsiveness of a patient to the drug. Not only does this induction stage involve surgical disturbances or artifacts, it is fast and dynamic and very suitable for indentifying the response of the patient to the drug. Struys et al. [16] have taken an adaptive pharmacological approach and assumed that the pharmacokinetic parameters are always correct but that pharmacodynamics vary among individuals. During induction, propofol was administered using an open-loop mode. The relation between concentration and effect was used to construct a Hill curve for each individual. However, is the approach of Struys et al. better than altering the pharmacokinetic parameters? Can an accurate estimation of the indi-viduals' Hill curves be achieved ? All subsequent adjustments in drug administration were dependent on the accuracy of this curve. Although their system performed well (i.e., achieving a median absolute performance error of less than 10%), this may have been because the system was not fully tested or stressed (i.e., a sample of 10 patients only). Loss of consciousness is only one component of the anaesthetic state. Analgesia also plays a significant role. In the study by Struys et al., the patients were all administered a maintenance dose of 0.25 µg/kg/min remifentanil. This dose of remifentanil is sufficient to produce a maximal reduction in the minimum alveolar concentration of isoflurane [20] . It is likely that during surgery, the required concentration of propofol was needed only to achieve loss of consciousness. This is confirmed by the small adjustments in propofol concentration that occurred during the study by Struys et 
After the induction stage, anaesthetists need to give the initial maintenance rate of propofol for the maintenance stage. Anaesthetists use 10 mg/kg/hr of propofol rate as the most general guide for administering initial maintenance rate. Sometimes, this is confirmed by the small adjustments in propofol rate according to their clinical rule of thumb, such as fragile and elderly patients or young and fit patients [18, 21, 22] . Hence, in our study, according to the anaesthetists' experience, more information is utilized to determine the SOP, such as dose of fentanyl and propofol, type of surgery, and age of patient during anaesthesia. If we use this approach instead of using the pharmacological model, it is difficult to use numeric values to determine the SOP and the best approach is to identify this information qualitatively. Therefore, we define three levels for SOP, that is sensitive, normal and resistant. Sensitive patients mean that anaesthetists can give less propofol drug and vice versa for resistant patients. So, from the SOP, adjust the initial maintenance rate. For example, the initial maintenance propofol rate for normal patients is 10 mg/kg/hr. However, for sensitive patients, it may be reduced to 8 mg/kg/hr, or increased to 12 mg/kg/hr for resistant patients. The procedures for determining the SOP of the patient can be summarized as follows.
Fentanyl Dose
During induction of anaesthesia, the interaction between the two drugs (i.e. propofol and fentanyl) is additive [23] , meaning that more fentanyl in the beginning will result in less propofol used during the maintenance phase. Greater details can be found in our previous study [14] . We have two simple rules to describe these situations:
( Table 1 is still not comprehensive enough because each rule in the Table has only two situations. In order to determine the SOP more precisely, the titrating amount of propofol dose will be considered in the following section.
Titrating Propofol
anaesthetists can adjust the initial maintenance rate. Table 1 The linguistic table for When anaesthetists want to maintain anaesthesia by intravenous infusion of propofol at a constant rate, induction is achieved usually by an initial single dose. This may result in an excessive peak in blood concen-IF Patient = Young , Normal and Elderly (above 60 yr) tration leading to sudden hypotension, with or without apnoea. However, if a smaller dose is used, a decrease in plasma concentration between 5 and 20 minutes may run the risk of anaesthetic light at the beginning of surgery. To minimize undesired cardiovascular or respiratory changes during induction, and to ensure a predictable quality of anaesthesia, propofol should be administered using a system of infusion that maintains rapidly and accurately a constant blood concentration of the drug [18] . According to Peacock et al. [19] and Berthoud et al. [24] , the infusion rate of propofol can be 1200, 600 and 300 ml/hr. The advantages and disadvantages of these infusion rates have been discussed in the above studies. In this paper, we use 600 ml/hr as the initial infusion rate, and then calculate the titration propofol per kilogram (TPK). The result obtained together with Table 1 More precise determination of SOP can be achieved after considering the propofol amount during induction from the rule-base. However, there are still two situations that cannot be decided very clearly by this rule-base. They are related to elderly and fragile patients with medium or low fentanyl amount used during induction.
Assessment of Sensitivity
After deciding the SOP, the problem arises as to how to validate this value. One simple way is to calculate the recovery time. There are many definitions of recovery time. One paper [25] defines recovery time as the interval from extubation to the time when the patient can give his/her correct date of birth. Some papers [16, 26] use awaking time (i.e., time from end of infusion to the patient opening his/her eyes, having the orientation, giving the correct date of birth, or obeying a command) to define the recovery time. In this paper, we have taken the latter definition and calculate the recovery time from the end of administering anaesthetic drugs to the patient obeying a command. Also, a recovery time of less than 5 min is defined as fast recovery, between 5 and 15 min as acceptable recovery, and more than 15 min as slow recovery. stration of intravenous anaesthetic drugs as shown in Fig. 1 . From the anaesthetists' experience, the age of the patient and the dose of fentanyl and propofol during the induction stage can help determine the initial maintenance propofol rate. Then, at the maintenance stage, SAP and HR signals measured with a Dinamap instrument are passed through median filters that have proved to be suitable for medical signal processing [27] . The first level uses numerical clinical signs, such as SAP and HR, to interpret the primary depth of anaesthesia (PDOA). The second level focuses on nonnumerical visual clinical signs, such as SW, LA and PR, every 5 min for the normal situation and every min for the "light" situation, which can be merged with the first level of PDOA to decide the DOA and CDOA. The CDOA can provide an assessment of the monitoring of DOA using clinical signs. More details on the monitoring of DOA, drug infusion and fentanyl supplementation can be found in our previous report [14] .
RESULTS
All the patients were questioned after recovery and none showed any evidence of recall or awareness. The work described here comprises a study of the same eight patients for all aspects of the feasibility study as shown in Table 2 . The method of calculating the sensitivity of patients was designed and tested using our advisory system during standard practice controlled administration. As shown in Table 3 the mean (SD) of induction time for the eight patients was 52.3 ± 18.1 sec, meaning that the 3 sec interval of sampling time during induction is fast enough to identify the patients' responses to propofol. Also, the mean (SD) of recovery time was 8.13 ± 5.94 min. The percentage of acceptable and fast recovery time was 75 % except for patient No. 2 (74 yr) and patient No. 7 (70 yr) whose old age made estimation of SOP difficult. Both patients had long recovery time (i.e., 17 min). The time courses of CDOA for each patient are shown in Fig. 2 . Also, the mean (SD) of the mean CDOA was 93.55 ± 5.80 % as shown in Table 4 . This demonstrates the applicability of this hierarchical structure for monitoring and control of the DOA. However, a longer series of patients is needed to refine the rule-bases and to see how widely they are applicable. The basic principle of giving an anaesthetic is that one should use as little of the drug as possible to achieve the required result. If it is not enough, the clinical signs will show in the second level and merge with those of the first level to determine the CDOA. Hence, the CDOA is like a guard preventing the patient from regaining awareness. Finally, one of the clinical trials (i.e., patient No. 7) is shown in Fig. 3 to demonstrate the performance of monitoring vital signs (i.e., SAP and HR), CDOA, SOP and the drug controller. The spike data in Fig. 3 were due to the patient in hypertension. According to the anaesthetists' experience, an additional bolus of 10 mg (i.e., by rapid injection of 1 ml at 600 ml/hr) is 
DISCUSSION
This feasibility study describes a new open-loop approach to identifying the patient's relationship with the propofol drug during the induction stage that involves no surgical disturbances or artifacts, and a closed-loop feedback control system for propofol administration using induction information as the initial controlled variable together with a hierarchical fuzzy logic monitoring and rule-based control of the DOA. The induction information, such as dose of fentanyl and propofol, type of surgery, and age of patient during induction anaesthesia was used to adjust the initial maintenance rate of propofol. The hierarchical advisory system was used as the closed-loop feedback control of the patient according to on-line measurements (i.e., SAP and HR) and non-numerical clinical signs (i.e., SW, LA, and PR). Also, the CDOA can assess the monitoring of DOA using these clinical signs. The CDOA in this method serves an indicator that can help and warn anaesthetists in the operating theatre in special cases.
Contrary to the target controlled infusion of propofol employed by Struys et al. [16] using a Bispectral Index value as their set point, the proposed advisory system used a rule-base instead of a complicated pharmacokinetic and pharmacodynamic model during the induction stage, as well as a hierarchical fuzzy logic monitoring and rule-based control of the DOA.
The proposed advisory system is more efficient because the rule-base and fuzzy logic are simple and effective techniques for controlling nonlinear and uncertain processes [28] [29] [30] . Fuzzy logic not only accommodates uncertainty by dealing in imprecise, qualitative terms such as low, medium and high, but also provides control rules that are easy to understand and modify. In the next stage, the fuzzy model will replace the rule-base determining the SOP during the induction stage in order to achieve more accurate estimation of the initial starting point of propofol administration between 8 to 12 mg/kg/hr instead of the current rule-base, which provides three values only (i.e., 8, 10, and 12 mg/kg/hr). 
